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INVESTIGATION OF PCWER REQUIREMENTS FCOR ICE PREVENTION
AND CYCLICAT. DE-ICING OF INLET GUIDE VANES WITH
INTERNAL FIECTRIC EEATERS
By Uwe von Glabn end Robert E. Blatz

SUMMARY

An investigation was conducted to determine the electric power
requirements necessary for ice protection of Inlet gulide vanes by con-
tinucus heating snd by cyclical de-icing. Data are presented to show
the effect of ambient-gir tempersture, liquld-water content, air
velocity, heat-on périod, and cycle times on the power requirements
for these two methods of ice protection.

The results showed that for a hypothetlcal engine using 28 Inlet
guide vanes under similar icing conditions, cyclicel de-lcing can pro-
vide a total power saving as high as 79 percent over that required for
continuous bhesting. Heat-on perlods in the order of 10 seconds with a
cycle ratio of sbout 1:7 resulted in the best over-all performance wilth
respect to total power requirements and serodynemic losses during the
bheat-off period.

Power requirements reported herein may be reduced by as much as
25 percent by achieving a more uniform surface-tempersture distribu-
tion, A parameter in terms of engine mass flow, vane size, vene sur-
face temperature, and the lcing conditions shead of the inlet gulde
vanes was developed by which an extension of the experimental date to
icing conditions and inlet gulde vanes other then those investigated
was possible.

INTRODUCTICN

The desirability for all-weather operatlon of turbojet sircraft
has necessitated extenslve research on methods of icing protection for
the various engine components. Experience has shown that, in the
absence of a compressor-inlet screen, the inlet guide venes of an
axial-Pflow turbojet engine constitute the most critlcal component to
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be protected from lcing. Ice formatione on the inlet gulde vanes
sericusly affect engine performance by decreasing the compressor effi-
clency, by reducing the mass flow through the engine, and by causing
large pressure losses at the compresscr inlet. These factors, which
reduce the net thrust, increase the specific fuel consumption, and
Increase the tail-pipe temperatures beyond safe operation limits, can
render the emgine inoperative in a matter of minmtes in a heavy icing
condition.

Icing In the initisl stages of compresscr bleding in current
engines ig deemed of secondery Importance to inlet-guide-vane icing
because icing occurs principally on the leading edges, where ice
formations are limited in size by mechenical abrasion due to the close
gpacing and reletive motion between the rotor- and the stator-blade
TOWS. .

Tce formations on Inlet gulde wvanes tend to incresse rapidly in
size at ambilent-air temperatures sbove 10° F. In the tempersture
range of 10° to 32° F, the ice formations at the leading and the
trailing edges tend to mushroom and if the vanes are closely spaced,
bridging of the ice formatlons between adjacent vanes occurs. By use
of larger size inlet gulde vanes wilth a greater spsacing between vanes,
ice bridging between adjecent vanes can be considersbly delayed and
the icing tolerence of the engine increased. The icing protection of
inlet guide vanes mey be accomplished by heating the surface of the
venes either by use of hot gas or by electrical means.

An investigation at the RACA Lewis laboratory to determine the
electric power requirements for inlet-guide-vane lcing protection was
conducted on vanes that were twice the size of vanes in current pro-
duction engines. The Increased size was required to provide for
adequate instrumemtation and is in accordance with current design
trends. The investigation was made over a range of icing conditions
to determine the minimm electric power requirements for icing pro-
tectlon by continuous heating of the inlet guide vanes. In addition,
cyclical de-~lcing studies were made to determine the possible saving
in totel power by this system of ice protection over the power required
for contimmous heating. An asnelysis is included to extend the experi-
mental results to vane sizes and lcing conditions other than those
studied.,

LO¥T
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SYMBCLS

The following symbols are used in this report:

surface area, (sq iﬁ.)

specific heat of dry air at conmstant pressure, (Btu/(1b)(°F))
specific heat of wet sir at constant pressure, (Btu/(1b)(°F))
wa.‘ter-collection efficiency of vane -

total-pressure loss, (1b/sq £t)

convective heat-transfer coefficient, (Btu/(hr)}(sq £t)(°F))
latent heat of vaporizatiom, (Btu/1b)

rate of water interception, (1b/(hxr)(sq £%))

liquid~water coﬁtent, (grams/cu m)

power inmput, (wabtts)

static pressure, {1b/sq £t)

pressure of setureted water wvepor, (l'b/ sq £t)

difference between local surface static pressure and free-strean
static pressure, (1b/sq £%)

dynamic pressure, (Ib/sq ft)
static-pressure coefficient, [l - %E]
surface distance, (ft)

sbsolute static temperature, (°R)
static temperature, (°F)

air velocity, (ft/sec)

mass air flow, (1b/sec)
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weight demsity of air, (ib/cu ft)
Hardy's evaporation factor
correlation parsmeter

local water-lmpingement efficiency

ratlo of amblent pressure shead of vanes to standsrd NACA aublent
sea-level pressure

Subscripts:

a

ambient ahead of vanes
average

calculated

datom

experimental
average of ambien:b and surface conditions

initial condition
laminar

local

surface

standard
turbulent

APPARATUS AND INSTRUMENTATION

The electrically heated guide vane was the center vane of a cascade
of five vanea mounted in s special housing in the 6- by 9-foot test sec~
tion of the loing research tummel (fig., 1). The walls of the housing
and the two guide vanes at each side of the center vane were hollow and
gas-heated to prevent icing. The alr flow through the housing was regu-
lated by remotely controlled flaps at the exit of the housing.

1407
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Each vene had & chord of 2.37 inches snd & total span of 6.12
inches, of which 5.90 inches were exposed between the upper and lower
walls of the housing. The spacing between vanes wes 3.12 inches. Only
the electrically heated vane was aluminum with heating elements and
gulide tubes for thermocouples cast in place. The heating element con~
sisted of Nichrome wire encased in glass-cloth insulation and covered
with a copper sheath; the element was in the shape of a hairpin so that
bothr ends emerged from the top of the vene. Four hester clrcults were
used in the vene investigated end were spaced as shown in figure 2.

Bach circuit was Independently connected to a varlable transformer,
which permitted selectlve power input to the four circuits. Power input
to the various circuits was measured with a recording wattmeter. An
electronic timer wes used to regulate the hest-on and heat-off pericds
for the cyclicel de-icing studies., Stainless-steel pilot tubes were
positioned in the vane at the time of casting so that thermocouple wires
could be inegerted. Iron-constantan thermocouples were used and the
Junction peened flush with the vane surface. The thermocouples were
positioned in a chordwise plane (fig. 2) 3 inches from the top of the
vane.

The instrumented guide vane was Insulated from the housing at both
ends in order to minimize heat exchenge between the test vane and the
gas-heated housing.

Four electrically heated totel-pressure tubes esnd four sitatic-~
pressure wall taps were Instelled ahead of the vane cascade to obtein
the air-velocity through the housing. Three shlelded thermosouples were
mounted on top of the housing to obtain the tunnel-test-section tempere-
ture. :

All pressure readings were photographically recorded from multitube
manometers and all temperature Gdata were recorded on a flight recorder.

EXPERTMENTAT. CONDITIORS AND TECENIQUES

The average dry-alr bheat-transfer coefficlent and the minimum con-~
tinuous power input to prevent icing of the electrically heated inlet
guide vane were determined at air velocities in the housing shead of the
cascade of approximately 250 and 450 feet per second. All dry-eir and
ieing studies were made with an inlet veloclty ratio of 1.0. For the
dry-air studies, records were cbtained of the power input to each hester,
the tunnel air and detum temperstures, the vane-surface temperatures with
end without heating, and the air velocity. These data were obtained at s
surface-temperature rise of 60° to 70° F when the surface temperature of
the inlet guide vane was made as uniform as possible by adjusting the
power imput to each heater circuit.
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In order to determine the minimum contimuocus power for ice pre-
vention on the vanes at a given icing condition, power inputs to the
individual heaters were progresslvely reduced until a minimum surface
temperature of 32° F was reached with as uniform a chordwise surface-
tempersture distribution as possible. The lcing conditions for these
studies included s measured liquid-water content of 0.30 to 0.85 gram
per cubic meter and e mean effective droplet dlameter of 12 %o
15 microns; the ambient-air temperature ranged from -35° to 17° F.
Date recorded for the continuous heating studles were similar to the
dry-alr investigations with the addition of the icing condition date.

The investlgations of cyclical de-icing power requirements for
electrically heated inlet guide vanes were of an exploratory mnature
with most of the data obtained at an air velocity of about 392 feet
per second. One set of data was cbtained at 250 feet per second.
The icing conditions for these studies were similar to those for the
continuous heating studies. The minimum power required for cyclical
de-icing was also established by the method used for continucus heat-
ing with the additionsl condition that all ice formations had to be
removed at the end of the heat-on time., The heat-on and cycle times
investigated were:

Time
Heat-on | Hest-off | Total cycle | Cycle ratio

(sec) (sec) (sec) '

10 60 70 1:7
10 120 130 1:13
20 60 80 1:4
20 120 140 1:7
30 60 20 1:3
30 120 150 1:5

The cycle ratio is defined as the ratio of the heat-on time to the
total cycle time. Data recorded were similar to those for contin-
uous heating.

RESULTS ARD DISCUSSION

The datum surface temperatures measured by the vane thermocouples
approximated the datum air temperature measured by the shielded thermo-
couples mounted above the housing. Similar shielded thermocouples had
been calibrated and possessed temperature-recovery factors of 0.83 to

L0%1
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0.87, which varied directly as & function of Increasing sir-sitream
Mach nurber in the range of veloclties investigeted herein. An aversge
uniform temperature rise over the vene surface of 85 percent of the
full adisbatic temperature rise was therefore assumed for all calcula-
tions. Temperature-rise dzta are presented in terms of the wvane-
surface detum temperature, which is defined as the sum of the amblent-
air temperature and the aversge adlsbatlc temperature rise on the vane
surface. For dry-alr conditlons, a value of 0.24 was used for o¢p

in the adiasbatic temperature-rise calculations; whereas 1n wet-alir or
icing conditions, a value of cp S that varied with pressure altitude
and air temperature wes used. '

In order to correlate experimentel data with theoretical calcu-
lations, determinetion of the pressure distribution over the vane wes
necessgry. A typlcal pressure distribution in terms of S plotted
as & function of s 1s shown in Pigure 3. The deta shown are for
alr velocitles of 261 and 420 feet per second.

Heat losses caused by end effects were neglected throughout the
investigation because the wvanes were insulasted from the housing.

Continuous Heating of Inlet Guide Vanes

Dry-air heat-transfer evaluation. - Experimental studles were
made at several ambient-air temperatures to determine the average
dry-air convectlive hesi-transfer coefficlent from the vene to the
surrounding alr. Becsuse the heat flow paths from the first and
fourth heaters ere relatively long, the power inputs to the first
and fourth heater circuiis were necessarily high; consequently, the
surface-temperature distributions (fig. 4) are nomumiform especlally
near the trailing edge. Experimental results indicated thet for
temperature-rise values of 80° to 70° F s tempersture varietions from
the average values of about +8° F were obtained. The typical tem-
pereture distributions over the vene surface, shown in figure 4 as a
function of surface distence, were obtained at sir velocities of
292 end 457 feet per second.

The temperatures along the convex surface of the vane, as indi-
cated by dashed dines, were estimated from temperatures on the concave
surface by assuming one-dimensional heat flow. This assumption also
applies to all subsequent surface-temperature date presented herein.
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The average experimentel convective heat-transfer coefficient was
calculated from power input, vane-surface area, end temperature rise
as follows:

P
bexp,av = G 002034A%

The value of At 1is defined as 1tg,gy-tg. For the surface-temperature
distribution and conditions given in filgure 4, the hexp,av value at

292 feet per second was 46.4 Btu per (hr)(sq £t)(°F) and at 457 feet per
second was 69.5 Btu per (hr)(sq £t)}(°F).

Because the vane material used in thls investigation was a good
conductor, obtaining point convective heat-transfer coefficlents experil-
mentally was impossible; consequently only average values were obteined.
An anelysis was therefore underteken to obtaln a more comprehensive
understending of convective heat transfer from the vane in ﬁry air. By
meens of theoretical heat-transfer equations for & cylinder and a flat
plate (reference 1) and by assuming boundery-layer conditions for the
vane, theoretical point convective heat-transfer velues were calculated.
The pressure-distribution curve, obtained from umpublished date at the
Lewls lsboratory and given in figure 3, was used to determine locel
velocities over the vane, The temperature-distribution curves from
figure 4 were used in the determination of the point heat-transfer
velues. The flow conditions assumed over the vane were: The leading-
edge convective heat-transfer coefficients were the seme as for a
cylinder of 0.l125-inch diameter; the concave surface of the vane was
considered to have a laminar boundary layer; and the convex surface was
assumed to have a laminsr boundary layer to the point of minimum pres-
sure and & turbulent boundary lsyer thereafter. The resulting curves
of the convective heat-transfer coefficlents as a function of surface
distence are shown in figure 5. By an integration of the area under
the curves, average convectlve heat-trensfer coefficients of 50.0 and
68.4 Btu per (hr)(sq £t)(°OF) were obtained for air velocities of 292
and 457 feet per second, respectively. The calculated average values
of heat-transfer coefficients are in close agreement with those experi-
mentally obtained and indicate that the sssumptions made for the
analysis were substantially correct. Further modification of the
assumptions to obtain more accurate velues appears to be unwarranted
becsuse the heat-transfer cceffiliclents in the reglion where trensition
from & laminar to a turbulent boundsry layer occurs cennot be satis-
factorily evaluated.

Wet-air hest-trensfer evaluation. - In order to obtain an under-
gtanding of the heat-transfer mechanism for lcing conditions, an

1407
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anelysis was made to determine the wet-alr heat-transfer coefficlents
hX+M in terms of local power densities. The analysis used to obtain
these coefficients makes use of the wet-alr enalysls presented in
reference 2.

Calculation of the wet-air heat-transfer coefficients required
determining the local rate of water impingement on the vane surface.
Because neither theoretical nor experimental data are avellable on
water-impingement rates for inlet guide vanes, the followlng procedure
was used to obtain approximate local values of M. The locel water-
impingement efficiency £ was determined by assuming that the water-
droplet trajectories were straight-line paths as shown In flgure 6(a).
The local impingement rate et any polnt on the vane surface is there-
fore the ratio of the area contained between adjacent droplet trsjec-
tories dy ahead of the vane to the vene surface contalned within
these trajectories ds. The distribution of B over the blade surface
is shown in figure 6(b) as a function of surface distance. This water
interception by the vane was based on a water-collection efficiency Iy
of 100 percent. Beceuse water droplets do deviete from the air stream-
lines as a result of the momentum difference between the droplets and
the air, ¥y is less than 100 percent. On the basis of water trajec-
tory studies reported in reference 3, calculations were made of the
collection efficiency for ribbons spproximatimg the projected frontal
area and the plan form of the vane. For the air welocities and droplet
size used in the present inlet-guide-vane investligation, the collection
efficiency of these ribbons was in the order of 80 percent. This wvalue
of collection efficlency was assumed for the inlet gulde vane. The
expression for the water-impingement rate therefore is

- BE}Vam

M 4.45

= O.lsvamﬁ

The heat loss from the inlet gulde vene caused by evaporation was
celculated using Hardy's eveporation fector as given in reference 4.
The Pfull evaporation factor was used on ell surfaces subJect to direct
water impingement as indicated by the B wvalues in figure 6(v).
Beyond the limit of water impingement on the convex surface, rumback
was assumed to occur and, based on experimental observations of air-
foil sections, an average value of 20 percent of the full eveporation
Pector was essumed. As in the dry-air anelysis, the vane-surface tem-
peratures were maintained as uniform as possible at the minimum total
power required to prevent icing. The surfece temperatures for two
typical cases anslyzed are shown in figure 7. The icing conditions for

these temperature distributions were: air velocities of 401 and 261 feet

per second, embient-air temperatures of -12° emnd -5° ¥, liguid-water
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contents of 0.58 and 0.62 grsm per cubic meter, and average experi-
mental power densitles of 9.3 and 6.4 watts per square inch, respec-

tively.

The seme boundary-layer conditions as for the dry-air anslysis
were Initlally assumed. Calculations of the locel power density as a
function of the surface distance were then made (fig. 7) for the icing
conditions previously stated. Integration of the ares under the curves
shown in figure 7 indicated lower totel power inputs for lcing protec-
tion of the vane than were experimentally obtained. The boumdary layer
assumed on the concave surface was therefore changed to include a
turbulent boundary layer over the rearward portion of the inlet guide
vane as shown in figure 7. By an adjustment of the amount of vane
aree, assumed to be in the turbulent-flow region, the calculeted average
value of power density or average wet-alr hegt-transfer coefficient
could be calculated to approech the experimentally obtained average
value. The validity of the essumptlon of a partially turbulent boundary
layer on the concave surface has been substantiated in reference 2 and
at the Lewls laboratory by umpublished experimental studies of heat
trensfer from an airfoil in icing conditions, which indicate that a
water film on the surface of an airfoll section causes early transition
from laminar to turbulent flow.

As indicated in figure 7, the surface temperatures were consider-
gbly higher than the theoretical minimum of 320 F. A wet-alr enalysis
based on assumptions similar to those stated previously with respect
to impingement, evaporation factor, and boundery-layer considerstions
indicates that if heaters could he so located as to give a uniform
surface temperature of 320 F, power savings of about 25 percent over
the power density wvalues shown in figure 7 counld be achieved.

Minimum power requirements for ice prevention. - The average
minimm total power required per unit area for ice protection of inlet
guide venes is shown in figure 8 as a function of the surface datum
temperature. The data shown are for ailr velocitlies of approximately
250 and 400 feet per second and e measured liquid-water content ranging
from 0.30 to 0.85 gram per cublic meter. The average power density for
ice protection of inlet gulde vanes increases with a decrease in tem~
pereture. Heat-transfer rates and power density values were based on
the total surface area’ of the vane rather than the exposed area as a
netter of convenience because the end effects on the vene were neglected.

LOVL
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A tsbulation of the icing conditions and pertinent power input values
for the contimmous heating used in figure 8 are shown in the following
teble: .

(P/A)gy | Total P |  Heater circuit

V. Meas- |tg. agv| Ba
(ft/gec) ured m ? Y (°F) | (watts/ | (wvatts) 1 [ 2] 31 &
(g/cu m) - | 8q in.) percent total power)

236 0.85 35.5 13 2.9 ol 22.0 |1 12.1 ) 14.3 | 51.6
380 «67 37.0( 10 4.0 124 29.8 7.2 7.3}55.7
261 .80 40.0 -5 6.4 129 23.6] 8.5 7.5 160.4
263 49 32.0| -5 5.9 183 27.8) 6.0 4.9 |61.3
401 © 58 41.0| =12 9.3 287 24.7 9.8 ] 12.1 | 53.4
398 30 41.0| -12 8.8 272 25.4 |12.1 | 9.5 |53.0
400 44 46.0] -35 | 13.7 424 26.4 | 10.8 |12.0 | 50.8
240 (a) 41.0| -24 9.7 301 28.5 7.3 7.8 | 56.6
383 () | 35.5] 17} 3.9 122 [35.3 | 7.4 0 |57.2

8o measurements made.

Typical inlet-gulde-vane suxface-temperature distributions with con-
tinuous heating in an Iicing condlitlion are shown in figure 9 for surface
datum temperetures of 17.5°, -4.5°, and -28° F and an air velocity of
epproximately 400 feet per second. These tempereature distributions
indlcate that a higher average surface temperature was required to main-
tain the leading and tralling edges ebove freezing at low air tempera-
tures than at higher alr temperatures. Curves of the variation in the
required average surface temperature with surface datum tempersture and
alr velocity are shown In figure 10 From these curves, estimetion of
the required average surfece temperature for lce protection for condl-
tlons other than presented herein is posslble; these curves, however,
apply only to the heating elements and spacing used In this investi-
gation. :

Although various power input patterns were investlgated, no better
power input dlstribution to the heating elemsnts could be chteined than
that shown in figure 11 in which the power to each clrcuit is presented
in percent of total power. Because the tralling edge 1s effectively a
fin, the fourth heater must have a relatively high temperature in order
to maintain a 32° F temperature at the trailing edge. Approximately
twice as much power is required by the trailing-edge heater than the
leading edge where the heater is much closer to the reglon requiring
heat.
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Comparison of experimentally and analytically determined minimum
power requirements for ice prevention. - An analytical method by which
the heating requirements for ice protectlion of inlet guide venes can
be calculated for vanes and conditions other than those studied hereln
1a presented in the appendix. Although the method has limltatioms,
most operating conditions for inlet guide venes cepn be closely calcu-
lated. The analysis shows that the experimentelly obtained average
effective wet-air hest-transfer coefficient can be expressed in terms
of the everage theoretical turbulent-flow convective heat-transfer
coefficient, the full evaporation factor, the rate of water impinge-
ment, and s modifying factor. The average power denslty required for
ice prevention can therefore be expressed as

(%) = 0.00203 (0. 62k, X+M) 4y (tg-tg)

where 0.62 is the modifying factor. A series of (0.62hgy,pXt+M)ay
curves for several liquid-water contents together with the data points
glven in the preceding table are shown in figure 12 as a function of
the correlation parameter Z developed in the sppendix. The correla-
tion parameter Z is shown to be a function of engine mess flow, vane
size, ambient pressure and temperature ahead of the vanes, vane-surface
temperature, and liquid-water content. With a prectical installation,
a uniform vane-surface temperature may not be attalned; consequently
the term +g Iin the preceding equation mey be written tg ,ave The
good agreement between the calculated curves and the experimental data
points is evident (fig. 12). Becsuse the evaluation of the average
theoretlcal wet-alr heat-transfer coefficient is valid for a large
range of operational variables (see appendix), the experimental results
obtained herein can be extended to similer gulde vanes of different
size in other icing conditions. The value of 0.62 for the modifying
factor, however, 1s valid only for vanes heving impingement, evapora-
tion, and vene characteristics similer to those investigated.

Cyolical De-Icing of Inlet Gulide Vanes

In any application of cyolical de-icing to inlet guide venes the
vanes sre heated successively in groups and a large instantanecus
power Input is required to raise the vane-surface temperature to 32C F
during a relatively short heat-on periocd. An average power requirement
cen be obtained by dividing the instantaneous power by the total cycle
time. By proper cycle timing and grouping of vanes, the product of the
average power and the number of vanes in a group is equal to the instan-
taneous power for a single vane. The total power expended for cyclical
de-icing is determined by the product of the instantaneous power per
vane and the number of vanes heated during the heat-on period. The

1407
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following sections of thils report contaln the results of a study of the
temperature-rise rate and power input regquired for cyclical de-icing of
inlet guide vanes under seversl icing conditilons.

Temperature-rise rate. - Variations of vane-surface temperature at
the leading and trailing edgee for various heat-on periods with time
are shown in figure 13. These data were obtalned in an icing condition
with an air velocity of sbout 382 feet per second, a liqulid-water con-
tent of approximately 0.8 gram per cublc foot, and an smbient-zir tem-
perature of -11° F. For & given instantaneous power input to & heated
inlet guide vene, the temperature of the blade first rises rspldly and
then gradually levels out at the maximum temperature obtainable with
the power epplied. In cyclicel de-icing, the power cut-off for &
10-second heat-on time occurs before the knee of the temperature-rise-
rate curve 1ls reached as indlcated in figure 13. For a long heat-on
time, 30 seconds, the power cut-off occurs well past the knee of the
tempereture-rise rate (fig. 13). In terms of power input, this tem-
perature characteristic means that large instentaneous power Inputs
are required for short heat-on periods because the initisl temperature-
rise rate must be large to reach a specified temperature. For longer
heat-on periods, the temperature-rise rate can be reduced (fig. 13)
and thereby effect a reduction in instantsneous power input. If the
heat-on period is sufficiently long, the continuous heating power
requirements sre spproeched. A long heat-on period, however, decreasges
the cycle ratio, thereby increasing the totel power requlrements con-
siderg.bly over those required for e short heat-on perlod (large cycle
ratio).

If ice removal occurs on the vane before the power ocut-off, the
local surface temperature increases (fig. 13(a)). A rapid decrease
in temperature occurs whenever partly melted ice formatloms from an
upstream part of the vane pass over a previously de-iced section of
the vene (fig. 13(a), 30-second heat-on period). In order to obteain
a more complete understanding of the mechanics of ice removel,
temperature-rise date were obtained at several chordwise stations
including the leading and trailing edges (fig. 14). Complete de-icing
of the vane wes accomplished after 18 seconds of heating, The lcing
conditions for these data were similar to those descrlbed for figure 13.
The power input to the wvane was purposely mede high to obtain a record
of the temperature rise for ths périod. Just prior to ice removal and
the consequent temperature rise after ice removal. Time increments
during which the temperature on the vane surfece remzined constant
near 32° F (stations 1.25, 1.40, 1.70, and 2.42, fig. 14) indicete
the melting of 1ice or the passage of & formation of ice end water from
en upstream portion of the vane. '
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Typica.l heating and cooling curves at an ambient-air temperature
of 11° ¥ are shown in figure 15 for an alr veloclity of 383 feet per
second and a liguid-water content of about 0.8 gram per cublc meter.

As shown in this figure, a high ambient-alr temperature causes a con-
siderable lag in the vane cooling rate after ice removal. Freezing

of the impinging water on the vane is shown by the relatively constant
temperature for the initial 5 seconds of the cooling period. The con-
stant tempersture is caused by heat storage in the vene from the heet-
ing cycle and the release of the latent heat from the water freezing
on the vane surface. These effects were not observed at lower ambient-
eir temperatures because the large temperature differential between the
surface and the ambiernt alr caused a rapid dissipation of the latent
heat released from the impinging water.

Power input for cyclical de-icing. - The experimental data showed
that the power input per heating circuit with cyclical de-icing was
only slightly higher than the power used with continuocus heating except
near the leading edge. As a basis for comparison, the ratio of power
inputs to leading-edge hesters for cyclical de-icing and for continuous
heating is plotted in figure 16 as & function of the heast-on period.

As the heat-on periocd was increased and the power input reduced, the
power of the leading-edge heater approached the power required for con-
timious h.ea.ting For short heat-on periods, the power imput ratio of
the leadling-edge heater increased rapidly and reached a value of gbout
2.5 for a hest-on perlod of 10 seconds. For shorter heat-on periods,
the power Iinput to the leading-edge heater rapidly aspproaches the burn-
+ out limit of the heating element.

The ber graph in figure 17 1lllustrates the percent of totsl power
Input to each heater circuit for contimuous and cyclical de-icing. The
ratio of the leading- to trailing-edge power Input for cyclical de-icing
is spproximately unity, whereass for continuvous heating the ratioc ap-
proached a value of 2.0. In the evaluation of figure 17, the total
power input per vane is higher for cyclicel de-icing than for continmuious
heating.

The instantaneous power density in waits per square inch required
for cyclical de-icing is shown in figure 18 as a function of vane-
surface datum temperature for wvarlious cycle times, air wvelocities of
240 and 390 feet per second, and liqutd-weter content renging from
0.3 to 0.8 gram per cubioc meter. The relation between the power density
and surface datum temperature 1s approximately linear for each hest-on
period investigated. Although the dats are limited, the effect of air
velocity on the power input required for cyclical de-icing appears to
be of secondary importance. The insulation effects or heet capacity of

LOFL
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the ice formation, however, are of primary importence and heat con-
ductlon rather than heast convectlon must be considered for cyclical
de-icing. In the results presented herein, evaluating the effect

of altitude on the cyclicel de-icing performance of the vane was not
possible. It can be swrmized, however, that, as the sltitude increases
and the sir forces tending to shed the ice during the heat-on periocd
are decreased, more heat then indiceted in figure 18 will be required
to provide a greater water film under the ice cap to facllitate ice
removal.

A comparison of figures 8 and 18 shows that as the surface detum
temperature decreases, the retio of the average power densities between
cyclicel de-lcing end continucus heating required for lice protection
increases. This Increase is caused by the evaporation factor X,
which influences heating requirements much more during continuocus heat-
ing then during cyclical de-leing.

From the curves presented in figures 13 to 18, determination of
total power requirements and of power inputs to each heater circuit
for cycle times end for icing conditions other then those studled
herein is possible.

Practical aspects of cyclical heating. - The selection of a hest-
Ing cycle for a particulasr engine depends on the following: the total
number of inlet guide vanes to be heated at any one time, the design
lcing condition, and the total instantaneous power avaeilasble for
de-icing. The Iinstantanecus power elloweble per vane is determined
by the tempersture limlts of ‘the heating elements. Destruction tests
of the heating elements similer to those used in this Investigation
showed & maximum power input of 40 waits per linear inch with nominsl
metal temperatures could be attained. For design purposes, a value
of not more then 25 to 30 watis per linear inch should be used.

Inepprecisble differences in power requirements for cyclicel
de-icing were observed for & change In heat-off periods wnder similar
heat-on perlods and icing conditioms. It can be assumed therefore
that the differences in the magnitude of ice formations occurring in
60 and 120 seconds of icing with the water contents used in the inves-
tigation do not seriously effect the heat requirements for cyclical
de-icing. The megnitude of the ice formetions must, however, be con-
sidered because of mass flow and pressure losses associeted with
various icing periods.
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The rate at which the ram pressure decreases with time in an icing
condition is shown in figure 19. These data are reported in refer-
ence 5 end were obtained at air velocities of 260 and 420 feet per sec-
ond, liquid-water contents of 0.8 to 0.8 gram per cublc meter, and
ambient-air temperatures of -3° to 18° F. The data indicate that at
the higher anmbient-elr temperatures the rate of pressure loss 18 con-
slderably greater than at the lower ambient-air temperatures. With
respect to cyclical de-icing, a short heat-off pericd of about 60 sec-
onds therefore appears to be more desirable than longer periods in
the order of 120 seconds., Photographs of typical ice formations on an
inlet gulde vane are shown in figure 20 for an alir velocity of 400 feet
per second. The icing conditlions for the ice formatlions shown in these
photographs were a liquid-water content ranging from 0.4 to 0.85 gram
per cubic meter with ambient-air temperatures ranging from -31° to
10° F. The large ice formations. on the leading and tralling edges for
the 120-second lcing perilod were similar to those causing the large
pressure losses shown in figure 19. These losses were primarily
caused by the reduction in the free flow area by the ice formatlions
between adjacent vanes.

For & given power input per vane snd heat-on period but varying
heat-off perlods, the greatest power saving ls accomplished with the
longest heat-off period because the least number of vanes are heated
et any one instent. As an illustrative example, & hypothetical engine
is assumed tc have 28 vanes of the size and type investigated herein.
Because fractional parts of a vane cannot be heated, the number of
blades heated at any one time is & number divisible into 28, such as
1, 2, 4, 7, 14, or 28. The first and the last two numbers are ruled
out on the basis of tooc long & heat-off period and too short a heat-
off periocd, respectively. If four vanes are to be heated (1:7 cycle
ratio), a 20 - 120 second or a 10 - 80 second cycle may be used. If
7 vanes are to be heated et a given instant, a 20 - 60 second cycle
mey be used. The three cycles that cen be used are shown in figure 21
wherein the ratloc of totel cycle period to heat-on period is plotted
es & functlion of total power reguired for cyclical de-lcing of the
heated venes. The icing conditions assumed for these cycle periods
were liquid-water content of 0.6 grem per cublc meter, sir veloclty of
400 feet per second, and ambient-air temperature of -11° F. Also
given In figure 21 is the power required for contlimious heating at a
cycle ratio 1l:1 (7800 watts or 9.0 watte per square inch). For a
20-second heat-on period and an instantaneous power input of 330 watts
per vene, the calculations indicate that a total power of 1320 wattis
is required for & heat-off period of 120 seconds and 2310 watts 1s
required for a heat-off period of 60 seconds. For similar cycle
ratios (1:7) in which a 20 - 120 second and 10 - 80 second cycle are
used, the 20 - 120 second cycle provided only & small saving in totael
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power. Although the 10 - 60 cycle requires & grester instentaneous
power input per vane (412 watts), the total powsr used was only

1650 watts or 25 percent greater than the total power required for

the 20 -~ 120 second cycle. The utllization of a 10 - 80 second cycle
for the icing conditions given in figure 21 wlll echieve & reductlon
of 79 percent in the total power required for ice protection with
continuous heating. The saving of power for the 20 - 120 second cycle
is exceeded by the loss in pressure that would be obtained at higher
ambient-air temperatures as illustrated in figure 19. From & consider-
atlion of pressure and mass-flow losses that might be incurred, the

10 - 60 second cycle eppears to hold the greatest advantages for the
hypothetical engine configuration. A shorter heat-on period will
provide a more efficient use of the power input; the burnout limit

of the heater, however, will limit the heet-on time as previously
stated.

CONCLUDING REMARKS

Although the compressor blading on current axlal-flow turbojet
engines 1is subJect to icing primarily on the leading edges, the use
of larger imlet guide venes and consequently larger spacing between
venes may affect compressor-blade icing characteristics. The possi-
bility exists that larger vane spacing will result In lce accretions
on the concave surface of the first-stage rotor and stator blades.
Should these ice accretions prove sufflciently severe to affect engine
performance, these engine components must also be protected. The
analysis presented herein for minimm power requirements with continu-
ous heating of inlet guide vanes mey be applied to the compressor
blading. :

The use of materials other than aluminum for inlet gulde vanes
will in all probebility hecessitate an increase In the average surface
temperature and power input regquired for ice protection 1f heating
elements are used similar to those in the present study. Because the
leeding and trailing edges are heated by conduction from the nearest
heating elements, the use of lower conductivity metals will require
larger power inputs to these heaters and will result in a greater heat
dissipation at the center portions of the vane. Relocation of heating
elements at the leading and trailing edges should reduce the power
required for icing protection even 1f the metal used has low conduc-
tivity properties. It is therefore recommended thet heating elements,
regardless of the type used, should be located close to the leading and
trailing edges provided that such heater installations do not adversely
affect the aerodynamic characteristics of the veanes.
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SUMMARY OF RESULTS -

From & study of the electric power requirements necessary for ice
protection of inlet guide vanes by continuous heating and by cyclical
de-icing, the following results were obtained:

1. The average power requirement per inlet guide vane per cycle is
in the order of 79 percent less than that required for continuous heat-
ing under the same conditions: namely, air veloclty ehead of the wvane,
400 feet per second; ambient-air temperature, -11° F; liquid-water
content, approximestely 0.6 gram per cublc meter; heat-on time, 10O sec-
onds; and cycle ratio 1:7.

2. Cycle periods of 10 or less seconds heat-on and 60 seconds
heet-off result in the best over-all performance with respect to total
power input required for iclng protection and aerodynamlic losses during
the heat-off period.

3. For conditions similar to those given in the first result, the
electric power requiremernts for a hypothetical engine utilizing con-
tinuous heating for the 28 inlet guide vanes with a total vane area of
865 square inches was 7800 watts (9.0 watts/sq in.), whereas under
the same conditions cyclical de-icing reguired only 1650 wetts. Because
a uniform surface temperature could not be fully attained on the Inlet
gulde vane Investigeted, the continuous requirement is approximately
25 percent higher than would be required for a uniform surface tempera-
ture of 32° F.

4. A parameter was developed in terms of the engine mass flow,
vane size, embient pressure and temperature ahead of the inlet guide
vanes, surface temperature, snd liquid-water content that permits a
determination of power requirements for ice prevention beyond the
limits of the experimental studles. The experimental values of power
required for ice preventlon of inlet gulde vanes coincide closely with
values celculated using this parameter.

Lewls Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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AFPPENDIX - APPLICATION OF RESULTS TO CTHER VANES AND ICING CONDITIONS

Because the experimental data presented herein covers only a
limited range of operatling condlitions and a single vane size, extension
of the experimental results by apalytical means 1s desirable. In a
dry-eir condition, the heat transfer from a surface can readlly be
expressed by the equations given 1in refersnce 2 for laminar or turbu-.
lent boundary-layer conditions. It remains, however, to determine

whether the wet-air heat-transfer coefficient (hX+M) can be expressed

by a parameter s a single curve. Previcus wet-alr analyses (refer-
ence 2) as well as the studies reported herein indicate that mch of
the heat transfer from a heated surface in the presence of a water
film or water runbeck on the surface occurs under transition and tur-
bulent boundary-layer conditions. An analysis was therefore undertaken
to evaluate the average hest-transfer coefficient from a heated Inlet
gulde vene for which average values of hi,,}, X, and M were cal-

culated and a parameter was developed to correlate these values on &
single curve.

The variables considered for this analysis were amblent-air pres-
sure, ambient-air temperature, air veloclty, vane-surface temperature,
vane size, and liquid-water content. The air-stream conditions were
obtained for a station Just ahead of the inlet gulde vanes and were not
necessarily ambient conditions. The equstlion used to obtaln average
values for turbulent convective heat-transfer coefficient (reference 1)
cen be expressed as

. c.8
0.3 [V,
hiyyp 87 = 0.64(Ts) <——0ﬁ2§ ()
JGR

In order to account for the loss In heat by evaporatlon, Hardy's evep-
oration factor X (reference 4) was used in the following form:

b -B
X =1+ 0,.622L v,B Tzd (2)
. S ts~ta

Thé rate of water Iimpingement is

e\

4.45 (8)

The ranges of the varlous varisbles investigated were as follows: B8,
0.2 to 1.0; T,, 440° and 480° B; Vy oo, 200 to 600 feet per second;
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&, 0.1 to 0.4 feet; +tg5, 35° to 100° F; and m, O and 1.15 grams
per cubic meter. A plot of the values of the average wet-air heat-
tranefer coefficilent (h.turbx-z-M)av for the range of variables listed
against ﬁvz’av on logarithmic coordinates results in a series of

parallel straight lines (fig. 22(a))}. The calculated poilnts are
based on constant air and surface temperatures. Similar cutves are
obtained for each air and surface temperature considered. The effect
of vene slze, as represented by the average surface distance s, was
dotermined by plotting values of (hiyrpX+M)gy £or constant values of

B, Wy av, 8nd t; against s. It was determined that (hy,,,X+M)gy

varied as s5°0+2, Tn figure 22(bv), the wet-alr heat-transfer coeffi-
cient is plotted as a function of WV; oi/g0.2 for two absolute

ambient-air temperatures, three & values, and a uniform surfece tem-
perature. The next step in the analysis was to determine the wvaria-
tion of (hturbx}M)av with ebsolute ambient-air temperature Tg. When

(htyrpX+M)ay 1is plotted against T, at constant values of
th,av/;O.E, 8, and tg5, the data fall along espproximately parallel
lines having a slope of 3. For convenience of calculastion, (Ta/ioo)3
is used in place of Ta3 in correlating data points at different
embient-air temperatures. A typical plot of (hturbx*M)av is shown
in figure 22(c) as & Function of (VVI,EV/SO.B)(Ta/IOO)3 for a surface
temperature of 40° F. In a similar menner, (hpyrpXiM) gy 18 found to
vary as the -0.61 to -0.65 power of 8 =and the -0.83 power is used in

the parameter being developed. Thus far, (hturbx*M)av correlates to
a single curve when ploited against the parameter
(wvz,av/Bo.z)(Ta/100)3(1/a°-53) at uniform surface temperatures tg.
Figure 22(d) 1s a typical plot for a surface temperature of 40° P.
Similar curves were developed for surface temperatures of 35° and 45° F.
Check points were also calculated for surface temperatures of 70° and
100° F. The variation of surface temperature with the parameter shown
in figure 22(d) was determined to be a straight line relation when
rlotted on a semilogarithmic scaxﬁ. The equation of this curve was

found to be a function of (3.2)100, The final correlation parameter %
was determined as

3 T

B
LA %
Z =( sé.gv) (108) (50.63) (3.2) (4)
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and is shown plotted as & functlion of (hyy,p,X+M)y, in figure 22(e).

Limitations to the correlatlion parameter are as follows: At surface
temperstures of 100° F, the parameter is valid only at & values near
1.0; and at surface temperatures of 70° F, the limiting ©® value is
approximately 0.4. These limiting values are necessary because of the
rapid increasse in vapor pressure and the evaporation factor X for a
combination of high surface temperatures and high altitudes. At sur-
face temperatures of 30° to 50° F, the parameter is valid for B
values as low as 0.2, Because of the water-impingement characteristlcs
on the vane assumed in the anslysis, the average wet-alr heat-transfer
coefficient is conveniently expressed in the form of (bt vpXlay

(fig. 22(f)), to which the rate of water lmpingement M cen then be
added for the particular vane and icing condition under cornsideration.
The scatter of the points shown in figures 22(e) and 22(f) are in the
order of 45 percent. The equation for the upper curve in figure 22(f)
can be expressed as

(ByyppX) gy = 0-000554(z)088 (5)

where Z 1is the correlation parameter. It has therefore been demon-
strated that for the usual renge of icing and operating conditions for
inlet guide vanes, average wet-alr heat-transfer coefficient can be
correlated on a single curve, with e constent liquid-water content.

The wet-alr analysis, previously discussed in the text, indicated
that the inlet guide vanes studied did not operate with a fully tur-
bulent boundary layer nor dld a portion of the surface experience the
effect of the full evaporation factor X. The wvalues of (htur‘bx"’M) av *

given in Pfigures 22(e) and 22(f) as a function of Z must therefore be
modifled to spply to a practicel operating condition. An analysis of
the experimental data indicates that e series of curves can be cal-
culated by multiplying (hiyppX)ay DY 0.62 and adding M, which cor-

responds to a given water content, from equation (3); this series of
curves closely correlates the calculated average wet-alr heat-transfer
coefficient with experimental data. The term (0.62ht;,4,%)gy caR a&lso

be expressed as 0.000343(z)° %8, These velues will be cbtained only if

the impingement, evaporation, and vane characteristics are similar to
those studied. For example, because hot-ges-heated inlet guide vanes
have high surface temperatures, the lmpinged water may evaporate before
it reaches the trailing edge and leave part of the surface completely
dry; in this case, the modifying factor is less than 0.62, varying with
the amount of completely dry surface. For cases in which Ey ;4 0.8, ‘the
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term (0.62hy,X)gy 5t1ll applies as a base and curves for various

water contents cen be cobtained by eveluating new M valugg and adding
these values to (0.62hi,,X)ay OF to the 0.000343(z)C-8° value. If

the average local velocity over both sides of the wvane approaches that
of the free-stream velocity, as wes the case in the present investiga-
tion where Vy oy = 1.041Vy, WV .. may be written as k' W/A. The

value of k' is the velocity ratio Vz,av/va. and W/A 1is the mass

flow per unit ares through the cascade. In the mass flow form, the
correlation paremeter Z 1is more convenient to the designers of
turbojet-engine ice-prevention systems in that the mass flow of the
engine is known, but the veloclty ahead of the guide vanes mey not be
reedily obtaineble. From the average effective wet-air heat-transfer
coefficient, the average power requlred for lice prevention for any
icing condition is then obtained from the following equation:

P 0.88
500203 (5, %)k = (0.62h o X+M) . = [0.000343(2) + Mav] (6)
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C.23640

Figure 1, - Inlet-gulde~vane installstion in icing remsearch tunnel.
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wet-air heat-transfer coefficlient (hgyrpX+Mlgy

and average

base wet-air heat-transfer coefficlent (hturpXlay on indi-

vidual curves.
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